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The analysis of tunneling experiments showing the pseudogap type behavior is carried out based 
on the idea of the renormalization of density of states due to the inter-electron interaction in the 
Cooper channel (superconducting fluctuations contribution in tunneling current). It is demonstrated 
that the observed kink of the zero-bias conductance G{0, T) of Y BaCuO/Pb junctions in the vicin- 
ity of Tc can be explained in terms of fluctuation theory in a quite wide range of temperature 
above Tc, using the values of microscopic parameters of the YBaCuO electron spectrum taken from 
independent experiments. The approach proposed also permits to explain qualitatively the shape 
of the tunneling anomalies in G(V, T) and gives a correct estimate for the pseudogap position and 
amplitude observed in the experiments on BiSrC'aCuO junctions. 
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One of the most currently debated problems of the 
physics of high temperature superconductors (HTS) is 
the interpretation of pseudogap type phenomena which 
have been observed in a wide range of oxygen concen- 
trations and temperatures in the normal state of these 
materials [Q. In underdoped compounds such phenom- 
ena are well pronounced and have been investigated by 
various probes that include photoemission Ql, NMR 
transport [Q , neutron scattering ||] , and optical Q mea- 
surements. In addition to these, recently the observation 
of pseudogap structures in the conductance behavior of 
the BiSrCaCuO based tunnel junctions in a wide range 
of temperature above Tc has been reported. These mea- 
surements were obtained by means of traditional electron 
tunneling spectroscopy as well as by STM measure- 
ments |8|^ and interlayer tunneling spectroscopy [0 . 
The remarkable experiments of Ref. [g| give also evidence 
for pseudogap existence in the " normal" state of the over- 
doped (metallic) samples what can be found quite sur- 
prising from the point of view of an ordinary Fermi liquid 
approach. 

To summarize these features, a model independent 
phase diagram has been proposed , but there is still no 
consensus on the microscopic mechanism behind it. One 
common line of reasoning is that the normal state has 
pseudogap anomalies arising from pairing correlations in 
a state without phase coherence In the framework 
of this model, the pseudogap is a precursor to the super- 
conducting gap as showed in ARPES data . A different 
class of approaches to understand pseudogap phenomena 
is related to antiferromagnetic correlation scenarios [ p^ , 
where the pseudogap has no connection with the super- 
conducting energy gap. Another point of view involves 



" spin-charge separation" . Here the pseudogap is associ- 
ated with pairing of S* = ^ charge neutral fermions called 
spinons. This scenario has its origin in the resonating va- 
lence bond (RVB) ideas |l4|, that were further developed 
JlSf to understand not only the pseudogap phase, but the 
entire phase diagram from a Mott insulator to the over- 
doped regime. 

The purpose of this article is to demonstrate that the 
account of the interelectron interaction (lEI) with small 
momentum transfer (Cooper channel) permits to explain 
the main characteristic features of the pseudogap type 
structures observed in the tunneling conductance of HTS 
in the metallic part of the phase diagram (over-, op- 
timally or slightly under-doped compounds, where the 
Fermi surface is supposed to be well developed). The 
effect of the electron density of states (DOS) renormal- 
ization induced by lEI was firstly studied in |]l6| , |l7| . 
It was provided that near the critical temperature this 
correction is singular in e = In ^ , sign changing and 
manifesting itself in the very narrow range of energies 
5Ec, - ^Tc(T - Tc) for clean and SEd^T- Tc for dirty 
systems. Nevertheless it turns out that such DOS renor- 
malization results in the appearence of the wide pseu- 
dogap type structure in the tunneling conductance [p^ . 
Actually, this effect was firstly observed experimentally 
in conventional Al — I — Sn junction We show be- 
low that this analysis can be extended to HTS tunnel 
junctions and permits us to fit the well defined "kink" 
around T^ in the zero-bias conductance G{V — 0, T) be- 
haviour of YBaCuO based junctions pOpl] ] as well as to 
explain the appearence of the gap-like structures in the 
^ characteristics of intrinsic BiSrCaCuO junctions at 
temperatures above Tc pO| |. 
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By using the Lawrence-Doniach quasi 2D model for 
the electron spectrum one can generalize the expression 
for the fluctuations contribution to the differential con- 
ductance of a tunnel junction (see with one HTS 
electrode being in the vicinity of T,.: 
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where '4'{x) is the digamma function, r — 4^^(0)/s^ is 
the Lawrence-Doniach anisotropy parameter(^j_is the c- 
axis coherence length, s is the interlayer distance) which 
controls the dimensional crossover from 2D to 3D regime. 
By mean of Gi[2)^ the 2D Ginzburg-Levanyuk parameter 
p2[ , characterizing the strength of fluctuations, is intro- 
duced ( in the most interesting for our consideration clean 
case Gi(2) = li^^^)- 

One can notice that the sharp decrease (~ of the 
density of the electron states generated by lEI in the 
immediate vicinity of the Fermi level {5Ec ~ T^^fi) sur- 
prisingly results in the much more moderate growth of 
the tunnel conductance at zero voltage (~ Inj-) and in 
the appearance of some type of the pseudo-gap structure 
in the energy scale eV = ttT ^ T — Tc, as reported in 
Fig. 1 for different values of the reduced temperature. 
This striking contradiction to the habitual idea of the 
proportionality between the tunnel conductance and so- 
called tunneling density of states is the straightforward 
result of the calculation in of the real convolution of 
the renormalized density of states function SNfi (E) with 
the Fermi-function derivative as the kernel (which can- 
not be supposed in this case as (5-function-like kernel ) 
side by side with the sum rule: SNfi{E)dE = 0. The 
sense of the last identity can be easily understood: the 
account of lEI cannot create new electron states, it can 
redistribute the existing only. This condition leads to 
the exact cancellation of the main order contribution to 
the tunnel current (singular in 1 /e) , originating from the 
domain E<Tc\/e, and to the necessity of more delicate 
treatment of the tunnel current general expression what 
was really done in the purpose to carry out the logarith- 
mic singularity of expression (Q) . 

As inset in Fig. 1, the measurements of the differen- 
tial resistance oi an Al — I — Sn tunnel junction at tem- 
peratures slightly above the critical temperature of Sn 
electrode are presented p9[ |. It is worth mentioning that 
the experimentally measured position of the minima at 
eV « 3Tc{Sn) is very close to the theoretical prediction 
eV = TrTc{Sn). 

If pseudogap phenomena in HTS are related to a mod- 
ification of the normal state DOS, tunnel spectroscopy 
still remains one of the most powerful tools to investi- 
gate this puzzling aspect of these materials. However, 



the tunneling study of HTS is a difficult task because 
of many reasons. For instance, the extremely short co- 
herence length requires monolayer-level perfection at the 
surfaces which are subject to long oxygen annealings so 
that they in general do not satisfy this strict require- 
ment. Another problem is the bias dependence of the 
normal background conductance Gn(V) in a wide range 
of voltages (up to hundreds of mV) Q, which is neces- 
sary to scan for the study of the I — V characteristics of 
HTS junctions. 

In spite of these difficulties, pseudogap structures in 
HTS tunneling characteristics have been observed in dif- 
ferent BiSrCaCuO based junctions |^]- while to our 
knowledge, no data have been reported for the YBaCuO 
compounds. This fact seems to confirm the more relevant 
role that fluctuations play in 2D systems. On the other 
hand, by an experimental point of view, it can be due to 
the fact that BiSrCaCuO junctions are relatively easier 
to obtain for the better stability of the oxygen at the sur- 
face of this material. Nevertheless, we dispose of very ac- 
curate data obtained on high quality yi3aCuO/P5 junc- 
tions in which elastic tunneling processes occur without 
any interaction in the barrier [p4| . The appearance of 
the typical kink in the G(0) vs T dependence in these 
as well as in other group experiments |2^- |^ induced 
us to apply expression (|l|) to calculate quantitatively the 
fluctuation contribution to the YBaCuO DOS and to 
demonstrate that a satisfactory fltting can be obtained 
in a quite wide temperature range around Tc- 

In Fig. 2(a,b) the experimental data (dots) refer to 
two different YBaCuO/ Pb planar junctions, as reported 
in Refs. (20|j2^. The theoretical fittings (fuU fines) for the 
normalized fluctuation part of the tunneling conductance 
at zero bias, (5G/;(0, e)/G„(0, T = lAOK) by means of ex- 
pression (|^) at = 0, are also reported. The junction's 
critical temperature and the magnitude of the Ginzburg- 
Levanyuk parameter, have been taken as fitting parame- 
ters. 

To this respect, it is worth noticing that the tunneling 
spectroscopy probes regions of the superconducting elec- 
trodes to a depth of (2 — 3)^ in contrast with the resistive 
measurements which sense the bulk percolating length. 
The two critical temperatures can be quite different. In 
our case the resistive critical temperatures measured on 
both the YBaCuO crystals were Tc{p = 0) = 91.6 K , 
while "junction's Tc" = 88.4 K and 89K were obtained 
from the fitting procedure. This fact indicates that a 
slightly oxygen deficient YBaCuO layer (on a scale of ^) 
is probed by the tunneling measurements in both junc- 
tions 1^^. However, the samples are still in the proper 
(metallic) region of the phase diagram. The magnitude of 
the fluctuation correction |V'"(^)|Gi(2) ~ Tc/i^i? is equal 
to 0.025 for junction (a) and 0.016 for junction (b), lead- 
ing to the value of Ep ~ 0.3 eV which is in the lower 
range of the existing estimates (0.2 ^ 1.0 eV). 
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The value of Lawrence-Doniach parameter r = 0.08 
was taken from the crossover between 2D and 3D regimes 
in the in-plane conductivity measurements analysis 
It is worth mentioning that another independent defini- 
tion of r from the analysis of the non-linear fluctuation 
magnetization ]3l[ | leads to a very similar value r = 0.11. 
However, our fittings turn out to be not too sensitive to 
the value of r . We observe that the temperature range 
in which the expression (|l| ) satisfactorily reproduces the 
behaviour of the zero-bias conductance, extends up to 
110 K for junction (a) with = 88.4 K and up to 105 
K for junction (b) with = 89 K. 

Now, we would like to discuss more in details the re- 
cent experimental evidence of pseudogap structures in 
the conductance curves of intrinsic SiSrCaCwO junctions 
Ip^ . As it was already mentioned, the lEI renormaliza- 
tion of the DOS at the Fermi level leads to the appear- 
ance of similar structures with the characteristic maxi- 
mum position determined by the temperature T instead 
of the superconducting gap value: eVm — i^T. For the 
HTS compounds this means a scale of 20 — 40 meV, con- 
siderably larger than in the case of conventional super- 
conductors. 

In Fig. 3 the experimental data (dots) refer to thin 
stacks of Bi2SrCaCu20s intrinsic Josephson junctions. 
In the experiments [0, the pseudo-gap opening in ^ 
characteristics was found for temperatures up to 180 K. 
The curve (a) in the Figure (full line) is the theoretical 
fitting for the 90 K data. In view of the strong anisotropy 
of the BiSrCaCuO spectrum, r = has been assumed, 
while |V'"(5)|Gi(2) = 0.0085 and ^ 87 K have been 
extracted from the expression (|^). One can observe that 
the structure amplitude is well reproduced with an error 
of less than 5 % on the maximum position. We point 
out that the evaluation of the maxima positions at 90 
eVm = ttT = 25meV, is consistent with the experimental 
results on BiSrCaCuO / Pb planar junctions (t) as well as 
with STM data 0, but is quite lower than the value of 
pseudogap position observed on the experiments of Rcfs. 
ii- 

In this respect, two important comments are neces- 
sary that concern the limits of applicability of the pro- 
posed approach. The first one is related with the mag- 
nitude of the effect. It is clear that expression (|]), being 
a perturbative result, has to be small, so the criterium 
of the theory applicability to the HTS phase diagram is 
Gi In i <C 1. From the values for the junction Tc's found 
through the fitting procedure, one can believe in the in- 
crease of Gi with the decrease of the oxygen concentra- 
tion from the value of the optimal doping, so concluding 
that the role of the lEI increases in the underdoped part 
of the phase diagram whose properties have to be dis- 
cussed in the frameworks of some different theory, not 
basing on the Fermi-liquid. 

It is also important to discuss the temperature range 
of the pseudo-gap type phenomena observability follow- 



ing the proposed approach. The expression (|^) is ob- 
tained in the mean field region In <C 1, neglecting the 
contribution of the short wave-length fluctuations and 
reproduces a maximum in conductance at the value of 
eVra = 7rrc(l -I- e). Nevertheless, the characteristic slow 
(logarithmic) dependence on e of the fluctuation correc- 
tion for 2D systems permits to believe that the result (|^) 
can be qualitatively extended on a wider temperature 
range. The study of the high temperature asymptotic 
behaviour (In ^ ^ 1) for the e — e interaction in the 
Cooper channel demonstrates the appearance of the 
extremely slow In In ^ dependence which matches In 1 /e 
in the intermediate region and show the importance of 
the interaction effects up to high temperatures. In such 
way one can consider the reported T* ^ 200 — 300 K 
in the strongly underdoped part of the phase diagram 
as the temperature where the noticeable concentration 
of short-living (r ^ fluctuation Cooper pairs firstly 
manifests itself p^ . 

To conclude, the idea to relate the tunneling pseudo- 
gap type phenomena observed around Tc with the lEI 
renormalization effects allows us to fit quantitatively the 
experimental data with a minimum of microscopic pa- 
rameters {Ep, r) consistently with the independent mea- 
surements. It is worth stressing that the developed ap- 
proach allows us to explain in a unique way the set of 
pseudo-gap type phenomena, like the increase of c-axis 
resistance, the sign-changing c-axis magnetoresistance, 
the opening of the pseudo-gap in c-axis optical conduc- 
tivity and NMR spectra p2|] . 
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Fig. 1 Theoretical sketch of the fluctuation induced 
resistance zero-bias singularity for different reduced tem- 
peratures. Insert: differential resistance vs voltage mea- 
sured in. an Al — I — Sn junction jfH , at temperatures 
just above Tc{Sn). 

Figs. 2(a,b). Theoretical fittings (solid lines) of the 
measured zero bias conductance behaviour vs tempera- 



ture (dots) for two different YBaCuO/ P6 junctions, as 
reported in Refs. pO| , ^ , respectively. Inserts: Experi- 
ments on a larger temperature scale. 

Fig. 3. Theoretical fittings (sohd hncs) of the G(V,T) 
structures (dots) measured in intrinsic BiSrCaCuO tun- 
nel junctions |]lO| at T = 90 
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